In order to realize the detection and diagnosis of satellite navigation receiver in environments such as indoor, underground, trench, forest, urban building and mountain where there are little or no satellites, it is necessary to simulate the BDS satellite navigation signal, the difficulty lies in the simulation of the error signal of satellite navigation system. The paper analyzes the signal simulation principle of BDS satellite, researches several error source models of satellite signal including satellite clock error, ephemeris error, relativistic effects, influence of earth's rotation, radiowave refractive error and multipath error and proposes the method to calculate the error during BDS satellite signal simulation, thus providing the approach for the accurate simulation of BDS satellite navigation signal.
Introduction
Beidou Navigation Satellite System (BDS) is a global satellite system developed independently by China. By the end of 2018, a total number of 19 satellites have been launched and a satellite network has been formed, which can provide global users with basic navigation services (such as global positioning, velocity measurement and timing), short message communication as well as international search and rescue service. Besides, users in China and neighboring areas can enjoy services such as regional short message communication, satellite-based augmentation, precise point positioning etc [1] .
By now, all the military equipment used by the PLA has been fitted with BDS signal receivers, which ensures the autonomous and controllable navigation of the equipment and plays an irreplaceable role in supporting the proper locating and mobilizing, precise striking, attitude measuring and command & control of combating and training units.
To ensure the combat effectiveness of the BDS receivers mounted on the equipment, it is necessary to check the status of the receivers and locate the failures, which could not be realized without satellite navigation signal. In order to make sure that the signal receivers can receive satellite navigation signal online indoors or in cases where there are few satellites available so as to check their functions, verify their performance and assess them as a whole, the paper researches the simulator of BDS Navigation Satellite System. Besides, the paper analyzes the method to simulate the satellite navigation signal error, which is provided in the signal simulator design.
Signal Simulation Principle of BDS Satellite
The signal transmission principle of BDS satellite is to modulate pseudo-code (P-code) and data code on carrier wave; then the satellite transmits the modulated carrier signal.
The signal transmitted by BDS satellite is composed of three parts in structure: carrier wave, P-code and data code. B1 and B2, the BDS satellite signal, are generated with 'ranging code + navigation message' on the branches of I and Q on the carrier wave after quadrature modulation, among which Branch Q provides authorized services and Branch I provides open services. The expressions of Signal B1 and Signal B2 are as follows [2] : Where   ,  ,  and  are the vibration amplitudes of Signal B1 and Signal B2 on  Branch I and Branch Q;  ,  ,  and  are the ranging codes of Signal B1 and Signal B2  on Branch I and Branch Q;  ,  ,  and  are the data codes of Signal B1 and Signal B2  on Branch I and Branch Q; , , and are the carrier initial phases of Signal B1 and Signal B2 on Branch I and Branch Q; and are the carrier frequencies of Signal B1 and Signal B2, among which and are 1561.098MHz and 1207.140MHz respectively.
The signal to be simulated by BDS signal simulator is the satellite signal actually received by the receiver. Apart from the propagation time-delay caused by geometrical distance, the carrier phase and code phase of satellite signal could also be affected by the atmosphere and ionosphere, which leads to time delay.
Simulation of the Error Sources of BDS Satellite Signal
The satellite signal received by the receiver could be affected by multiple error sources, and may result in positioning error. The error sources include satellite clock error, ephemeris error, relativistic effects, influence of earth's rotation, radiowave refractive error, multipath error, receiver noise, receiving channel deviation, etc. Among them, measurement noise and channel deviation of the receiver are internal error sources because they are dependent on the design method of the receiver; the others are external error sources compared to the receiver because they could be affected by external factors and are unrelated to the receiver. To ensure the simulation effect, the influence of external error on the signal output by the satellite signal simulator has to be demonstrated. Therefore, it is necessary to simulate the error sources.
Satellite Clock Error
The deviation between satellite clock and BDS time caused by satellite clock error could be milliseconds, which is unacceptable in equivalent measurement distance error. Therefore, it is necessary to eliminate satellite clock error [3] .
The calculation equation of satellite clock error is:
Where oc t is the reference time of the satellite clock error parameter; t is the signal transmission time (in BDS time) and r t  is the relativistic correction item:
. Among the equation, e is the eccentricity, A is the semi-major axis and k E is the eccentric anomaly of the satellite orbit; 
Doppler Frequency Shift
Doppler frequency shift is very important to BDS signal simulator. As it is not necessary to accurately calculate the orbit of the satellite, we can assume the satellite orbit to be a circle to simplify the calculation and estimate the Doppler frequency shift with BDS signal parameter, satellite orbit parameter and receiver user parameter. The radial velocity of the satellite is
; the satellite signal frequency at the observation point is
and the Doppler frequency shift is
It can be concluded by analyzing the above equations that when the satellite moves towards the observation point P,  > 90 。 , 0 
, where C is the light speed and bd f is carrier frequency.
The rate of change of Doppler frequency shift is[4]:
Ionospheric Delay
Ionospheric delay is typically several meters, but it could be more serious when there are more sunspot activities. Therefore, the effect of ionospheric delay could not be ignored. As a matter of fact, ionospheric delay is one of the largest errors in terms of magnitude in satellite navigation measurement. BDS broadcasts the ionospheric delay calibration parameters to the receivers of users through its satellite signal navigation message.
The amount of ionospheric delay could not be measured with single-frequency receiver, so a mathematical model is typically needed to estimate the amount when the local time is t. The mathematical expression of the model is [5] : 9 2 9 50400 50400 5*10 cos( * 2 ), 4 5*10 , 50400 4
The receiver determines Parameter 2 A with 0 1 2 3 , , ,     , the ionospheric delay parameters in the navigation message broadcast by the satellite, and determines Cycle T with parameters 0 1 2 3 , , ,     .
When the observation time (in BDS time), longitude and latitude of the user position as well as the azimuth and elevation angle of the satellite are known, the detailed steps to calculate local time (in second), 2 A , T and z I are as follows:
1. 2 A can be calculated with the coefficient , and 1 f and 2 f are the carrier frequencies of Signal B1l and B2l respectively.
Calculate

Satellite Ephemeris Error
Satellite ephemeris error could be broken down into 3 components: (1) radial component along the line of the earth's core and the satellite; (2) tangential component in the orbital plane which is perpendicular to the radial component and points to the direction of movement of the satellite; (3) transverse component perpendicular to the orbital plane. Among the satellite ephemeris error components on the 3 directions, the radial component has the most serious effect on the pseudo-range measurement between the satellite and the receiver. But in the satellite positions calculated with ephemeris parameters, the radial component error is small than the tangential and transverse component [6] . Satellite ephemeris error is 5~10m.
The satellite position should be corrected as follows when there are errors caused by satellite ephemeris:
Where s r is the distance between the satellite and the earth's core before the ephemeris error is corrected, that is, the position of the satellite in China Geodetic Coordinate System 2000 (CGCS2000); 
Tropospheric Refraction Error Model
Tropospheric delay refers to the refraction of EM wave by non-ionized atmosphere. The non-ionized atmosphere is composed of troposphere and stratosphere. The refraction is also called "tropospheric refraction" because the majority of it occurs in the troposphere. Having a height of 40km from the sea level, the troposphere is a non-dispersive medium. Therefore, when signal penetrates the layer, the phase velocity and group velocity related to signal transmission are equally delayed compared to transmission in free space. The delay changes with the refractive index of the troposphere, which is dependent on local temperature, air pressure and relative humidity. Without correction, the tropospheric delay in the direction of zenith is about 2.4 and when the elevation angle is 5°, the delay could be up to 25m.
The refractive index could be expressed as the sum of dry and wet components of the tropospheric delay. Among them, dry component is caused by dry air, which accounts for about 90% of the tropospheric delay error and could be predicted precisely; wet component is caused by water vapor, the distribution of which in the atmosphere is uncertain and therefore difficult to predict. The two components extend to different heights in the troposphere, which are shown in Figure 1 
Simulation of Tropospheric Delay Error
Integrate the vertical path with refractive index to calculate the error caused by dry and wet components of the tropospheric delay in zenith direction: 
When the transmission of signal is along an inclined path, the tropospheric delay error is: 
Where E is the elevation angle of the satellite relative to the user's receiver and d  and w  are the correction coefficients of dry and wet components of the tropospheric delay respectively. The above equation is used by the simulator to calculate the tropospheric delay error. To simplify the calculation, BDS receivers usually make the correction with the following equation: At present, the model could correct 90％～95％ of the tropospheric delay error for receivers near the ground. The proportion could be lower for airborne receivers at high altitude. As it is easy to predict dry component but difficult to predict wet component, the coefficients 07 . 1  d  and 10 . 1  w  could be used to keep the residual error after correction between 5%~10%.
Multi-path Error
The navigation signal receiver could receive not only signal directly transmitted by satellite but also that reflected from other objects. Therefore, the signal actually received is a combination of directly-transmitted signal and reflected signal. Because of the difference in the path of the signals, signal distortion and the resulted measurement error (i.e., multipath error) could not be avoided.
Path error of the Kth reflected signal of the ith satellite is:
Where i is the sequence number of the satellite, k is the sequence number of the reflected signal and k=0 means the signal is directly-transmitted signal; E and AZ are the elevation angle and azimuth of the directly-transmitted signal or reflected signal respectively; d is the straight-line distance between the reflector and the antenna in the horizontal plane.
The phase shift of reflected signal relative to directly-transmitted signal is:
Compared with directly-transmitted signal, the additional delay caused by reflected signal:
Thus, the expression of the multipath signal of the ith satellite received by a BDS receiver at the point of time t is:
; N is the total number of the reflected signal and i k  is reflection coefficient. The above equation is the expression of reflected signal at RF band. The simulator simulates and generates multipath signal at IF band, so an expression is needed to convert the reflected signal into IF signal:
Error Caused by the Earth's Rotation
BDS applies the conventional terrestrial coordinate system which, by nature, is an earth-fixed coordinate system. Assume a satellite transmits signal to the ground at some point of time, when it is received, the earth-fixed coordinate system would have rotated around z-axis relative to the instant position of the satellite at that exact point of time for transmission. The following equation can be used to reduct the rotation correction to observation distance correction: 
Conclusion
The paper describes the signal simulation principle of BDS satellite, analyzes and researches several error source models of satellite signal including satellite clock error, ephemeris error, relativistic effects, influence of earth's rotation, radiowave refractive error and multipath error and proposes the method to simulate and calculate the error during BDS satellite signal simulation. The paper provides a way to eliminate the difficulties in simulating BDS satellite navigation signal, which contributes to simulating BDS satellite navigation signal rapidly and accurately, and provides a dependable environment for inspecting and diagnosing receivers on the ground.
